The motivation for the present work came from a study on spray characteristics of cryogenic injectors where the spray did not lend itself to probing by conventional diagnostic tools. The work was later extended to gas-liquid type of impinging jet as a possible replacement to shear coaxial atomizers currently employed in cryogenic rocket engines with the attendant drawback of design and manufacturing complexity. In addition to simplicity of design and manufacture, the impinging configuration offers the flexibility in spray shaping and drop sizes variation. Experiments have been conducted with doublet configuration using water and air as the simulants. It has been found that the spray is non uniform with wide variation in the SMD across the spray study of which was not possible with conventional tools like Malvern MasterSizer. In this context an image processing technique called Granulometry was first implemented to study these sprays. This granulometric technique has the drawback that the SMD obtained is sensitive to the threshold parameter chosen for generating the required binary image. Moreover it treats overlapping droplets as a single entity. To overcome these drawbacks another algorithm called Hough Transform is implemented and a comparative study is made in this paper. The SMD values obtained with Granulometry was found to be less than that obtained using Hough Transform.
I. Introduction
The performance of combustors is very much dependent on the manner in which fuel is introduced into the combustion chamber. Reliance on the experimental data is unavoidable as there is no physically accepted model for the atomization. Moreover the CFD code requires the spray characteristics downstream of the nozzles as an important input. The most important spray characteristic in this context is the drop size distribution. The measurement of drop size distribution becomes difficult with typical sprays like cryogenic sprays and those resulting from the impingement of liquid and gaseous jets. Both these types of sprays tend to create a mist around the droplets which will obscure the droplets and the commonly used instruments such as those based on laser diffraction tend to give erroneous data. In this context photographic methods along with in-house developed analysis codes are employed to get accurate details of drops in the spray.
In this study these photographic and image processing techniques are used to study the spray resulting from the impingement of a gas and liquid jet. Although some study 1 of gas-liquid impingement was done in the 70's, not much has been done thereafter. The application of granulometric technique to cryogenic sprays was proposed by Ganu 2 . In the present study the same technique is used to analyse the spray resulting from gas-liquid impingement. This technique has the limitation that it gives erroneous result when the image contains overlapping droplets and also when the image boundary is not well defined. Therefore another technique called Hough Transform 3 , which is a pattern recognition technique has been tried to verify its applicability to the study of sprays.
A major difficulty when comparing drop size data of several investigators is the use of different measurement techniques, which often do not actually measure the same quantities. Ferrenberg and Varma 4 described the differences in temporal and spatial distributions, obtained mainly from imaging techniques and PDPA and in some cases with wax freezing method. Dodge 5 indicated that the important sources of error are the obscuration and droplet number density when comparing the results of devices based on the diffracted light and phase Doppler methods 1 Research Students, Department of Aerospace Engineering, Indian Institute of Science, Bangalore-560012. 2 Professor, Department of Aerospace Engineering, Indian Institute of Science, Bangalore-560012. which are currently the most widely used techniques. PDPA cannot reliably measure small drop sizes, handle wide droplet velocity ranges nor can handle dense sprays. There are also many problems with diffraction based particles sizer like multiple scattering in dense sprays, beam steering etc. Thus there are many shortcomings when conventional methods are used to measure sprays such as those produced by gas-liquid impingemnt. In this context photography along with image processing techniques appear to be better suited to diagnose such sprays. The image analysis techniques include Granulometric technique and Hough Transform, the theoretical details of which are described below.
In order to compare the two techniques vis-à-vis the conventional ones, it was necessary to generate some spray images. The setup consists of a liquid jet and gas jet impinging at a particular angle which can be adjusted. For the present study, an impingement angle of 60º is selected base on literature 1 . Although there are many parameters like interorifice distance, impingement angle which affect the drop size characteristics and distribution in unlike impingement sprays, a parametric study is not intended here. The study mainly focuses on the applicability of Granulometry and Hough Transform to the mentioned sprays. The study also focuses on developing in-house codes for these image processing techniques.
I. Morphological Image Processing
This technique is well described in Rafael et al 3. Mathematical morphology is a tool for extracting image components that are useful in the representation and description of shape of a region. The foundations of morphological operations is in the mathematical rigorous field of set theory, however this level of sophistication is seldom needed. The set operations mainly used are union, intersection and complement. The two fundamental morphological operations dilation and erosion are defined in terms of union or intersection of an image with a translated shape called the structuring element. These fundamental morphological operations can be combined to get more complex morphological operations. Before applying morphological operations the image has to be preprocessed and converted into binary format.
Dilation is an operation which grows or thickens objects in a binary image. The manner and extent of thickening is controlled by the structuring element. Computationally structuring elements are shown as a matrix of 0s and 1s. A typical structuring element is shown below in 
. Disc Structuring Element
The structuring element can be of various shapes like square, diamond, disc, line, octagon etc. The selection of the structuring element will depend on the feature we need to extract from the image. The centre element of the structuring element called the origin identifies the pixel being processed. In the dilation operation the origin of the structuring element is translated throughout the domain of the image and checks to see where it overlaps with one valued pixels. The output image is 1 at each location of the origin such that the structuring element overlaps at least one 1-valued pixel in the input image.
In the erosion process also structuring element is translated throughout the domain of the image and checks to see where it entirely fits within the foreground of the image. The output image has a value of 1 at each location of the origin of the structuring element such that the element overlaps only 1-valued pixels of the input image (i.e., it does not overlap any of the image background).
Opening 6 is a morphological operation in which an original binary image is first eroded and then dilated with the same structuring element. The effect of the opening operation is that it suppresses all brighter details smaller than the structuring element. .
Figure 2. Opening Operation
Figure 2 above shows that a small square element smaller than the structuring element is removed by opening operation. This property of the opening operation removes all elements which are smaller than the structuring element while preserving the shape and size of the larger objects in the image. This is made use of in Granulometry.
Granulometry can be used for determining the size distribution of particles in an image. For particles that are lighter than the background the basic approach is to apply morphological openings of increasing size. Figure 3 below shows an analogy for the granulometric operation.
Granulometric operation is like sieving, that is using openings (meshes) of different sizes. When we subtract the results of successive openings, we will be able to get particles of diameter which corresponds to the lower opening size. It is necessary to understand the concept of connected component labeling 5 before implementing granulometry. This is used for identifying and labeling different objects of an image. That is, pixels are considered as belonging to one particle if they are connected in a particular way An in-house code was developed for implementing granulometric image processing for detecting drops from a spray image. The structuring element chosen for sifting out drops of various sizes is the disc shaped one which approximates the shape of a droplet. The Granulometric image processing has the disadvantage that it considers overlapping droplets as a single entity which in effect increases the overall SMD of the spray. Another problem encountered with granulometric image processing is that it requires a binary image as input. For getting a binary image, thresholding of a grayscale image is required. It has been found that the SMD calculated using this algorithm is sensitive to thresholding. In order to counter these drawbacks another algorithm called Hough Transform is used which can get detect even overlapping particles and requires only a gray scale image as input. . The Hough Transform is introduced in the following section. 
II. Hough Transform
Hough Transform is a feature extraction Technique used in image analysis, computer vision and digital image processing. The object of the technique is to find imperfect instances of objects within a certain class of shapes by a voting procedure. This voting procedure is carried out in a parameter space from which object candidates are obtained as a local maxima in a so called accumulator space that is explicitly constructed by the algorithm for computing the Hough Transform Hough transform is used in the automated analysis of digital images in which simple shapes such as lines and circles are to be detected. The image is preprocessed using an edge detector to obtain points in the desired curve. It is a difficult task to group points corresponding to line or circle. Hough Transform can be used to simplify this task by grouping edge points into object candidates by performing an explicit voting procedure over a set of parameterized image objects.
For implementing Hough transform for a circle a three dimensional parameter space has to be considered, two parameters corresponding to the centre of the circle and one parameter corresponding to the radius of the circle. For each point on the image space a number of circles of a particular radius are drawn through it. The intersection of circles cast a vote in the accumulator array. The radius of the circles which are drawn through the points in the image space is varied and thus an accumulator array in the form of an inverted cone is obtained. For detecting circles in a image, the edge detection algorithm is employed first to detect edges of droplets. Then circles of various diameters are drawn through the edge points and voting is done on the 3D accumulator array. The intersection of circles corresponds to a vote. The diagrammatic representation of Hough Transform is shown in Fig 4. This transform has the advantage that it can detect even overlapping droplets. The algorithm developed for implementing Hough Transform is described in the result's section. Figure 5 shows the experimental setup used for studying the characteristics of unlike two phase impinging injectors. The air from the compressor is stored in an air storage tank which is capable of delivering air at pressure up to about 15 atm. From the air storage tank two air lines are taken, one of which is connected to a water storage tank of about 40 liter capacity and the other end to the control board leading to the impinging injector. The air line is then connector to the air injector on the left side of the injector plate through a valve and a pressure gauge. A water tapping is taken from the bottom of the water storage and is connected to a water filter fitted in the control board. The line from the water filter bifurcates into two parallel water connections and one of the water connections is connected to the injector on the left side of the injector plate through a pressure regulating valve and pressure gauge. Figure 5 also shows the details of the injector used for studying the unlike impingement atomization. It consists of an injector body and an injector. The injector is modular in design so that injectors of different diameters can be inserted in to the injector body. The tip of the injector is grooved so as to enable gas flow measurement. The end portion of the injector body is internally threaded so that different injectors of different diameters can be threaded into the injector body. The injector is smooth1y converged so as to avoid pressure loss.
III. Experimental Setup
The droplet distributions and size details are measured using Malvern Matersizer X and using photographic methods employing the in-house developed codes of Granulometry and Hough Transform. The figure shows the photographic setup employed. It consists of a Strobolume light pulse generator which is capable of producing light pulses up to 30,000 rpm. The images of the spray are captured using Nikon D3x digital camera which is capable of giving resolution up to 12.1 Mega pixels.
IV. Results and Discussion

A. Algorithms for Image processing methods
Algorithms were developed for measuring the liquid droplets from the spray images. The flowcharts showing the algorithms used in Morphological image processing and Hough transform are illustrated in Fig 6 and Fig 7. As shown in the algorithms, a gray scale image is input for Hough Transform while a binary image is input for Granulometry. To obtain the binary image from the gray scale image proper thresholding is required. It was found from experiments that the final SMD depends on the threshold value chosen for obtaining the binary image. In the case of Hough Transform the droplet shape needs to be more or less a circle. That dictates that the exposure time of the camera should be small enough to capture the fast moving droplets. Both the algorithms described need appropriate preprocessing of the input image to avoid incorrect results. The Granulometric image processing technique needs more careful preprocessing without which it may give erroneous result. Figure  9(a) shows the sample image with spotted centre whereas Fig 9(b) shows the size distribution. If we compare the size distribution from two algorithms we can see that granulometry gives a small SMD although the two centers around the same mean. It can be also seen that Granulometry gives the size distribution whereas Hough Transform gives size details as well as position of the individual particles. I. Spray Structure The unlike impinging configuration consist of a fuel jet and an oxidizer jet that impinge at a given angle at prescribed distance from the injector face. The schematic of the unlike impinging injector is shown in Fig 10. The impingement angle is the angle between the two jets. The interorifice distance is the distance between the two orifices. Figure 11 shows the development of the spray with increasing gas pressure for a given liquid pressure. It was found that as the gas pressure increases the liquid jet bends from its path and becomes normal to the plane of liquid and gas jet. When the liquid jet becomes normal to the plane of the jets a liquid sheet is seen just below the point of impingement. As the gas pressure is further increased a spray cone is formed which is deflected to the gas side. At high gas pressure penetration of the liquid jet by the air jet is observed.
II. Measurement of Drop Size Data for a particular Condition
A photograph of the spray at a liquid pressure of 0.4 Kg/cm 2 and gas pressure of 0.4 Kg/cm 2 is shown in Fig 12. . The figure can be cropped into various portions as shown in Fig 12 and SMD at any location can be found out by applying the Hough Transform and granulometry. The cropped images can be analyzed for the axial and radial variation of SMD. It was found that SMD of the spray is nearly constant along the axis of the spray (see Fig 13) in the field of view. A far as radial variation is concerned, as shown in Fig 14 the SMD was found to be higher near the axis and it decreases towards both sides for the chosen spray condition. The SMD variation of the spray was measured using both granulometry and Hough Transform techniques. It was found that the SMD values obtained with Hough Transform are larger in value compared to that obtained from granulometry. Considering that granulometric technique cannot distinguish overlapping particles, one would expect that the predicted SMD would be higher than actual. But the results show the contrary. This may due to the nature of granulometric algorithm which is based on pixel subtraction approach. Sometimes pixels which are loosely connected to an object may be counted as a separate object which causes a reduction in the overall SMD.
III. Measurement of Drop Size with Varying Gas Pressure
The liquid pressure was kept constant at 0.4kg/cm^2 and the gas pressure was varied from 0.2 to 1 kg/cm^2 to find the variation in drop size data with gas pressure. The measurement was made using photography with image processing techniques as well as by Malvern Master Sizer which is a diffraction based particle analyzer. Figure 15 shows results obtained using Hough transform and Granulometry. The SMD values obtained using Malvern particle sizer are much smaller although all the three techniques give the same trend of variation. A limitation of the present image processing techniques lies in the generation of images itself. Very fine particles may not have been captured due to camera limitations. Nevertheless one can still compare the two image processing techniques. Here again the Hough Transform yields slightly larger SMD than granulometry as seen in Fig.15 .
V.Conclusions
The present study demonstrated how Hough Transform and Granulometric Technique can be used for getting drop size data from the captured photographs. It has been found that photographic techniques provide an inexpensive and reliable method of obtaining drop size data from the captured photographs. Both the local and global distribution of the drops can be obtained with ease and in a non-intrusive way. The Hough transform Techique was applied in a Gray format image while Granulometric technique was applied in a binary format of the same image. Care was taken to properly threshold the image. The SMD obtained using granulometric technique was found to be smaller than that obtained using Hough transform. This may be due to the pixel subtraction based approach of granulometry which yields a low SMD.
